The effect of interactions between urban air particulates (UAP) and carcinogens on bioavailability, metabolism, and DNA binding was studied in the isolated perfused and ventilated rat lung. The availability of benzo [alpyrene (B[alP) varied from 29 to 60% after intratracheal doses of carcinogen particulates dissolving extremely slow and fast, respectively. Several cytochrome P450 enzyme (P450) inducers acting as 2,3,7,8-tetrachlorodibenzo[pldioxin-recep-tor ligands have been identified in UAP extracts. fNaphthoflavone (BNF) was used to study how P450 induction alters the lung metabolism of carcinogens. Pretreatment increased the lung clearance for B[alP 8-fold and for 2-nitrofluorene (2NF) by a factor of four from 0.55 ± 0.06 ml/min to 2.37 ± 0.62 ml / min. Studies with the intact lung and with isolated lung cells show that carcinogen metabolism and pharmacokinetics depend both on the route of exposure and dosage and on the distribution of specific enzymes. A cytochrome P45011B1 enzyme was detected in lung epithelial cells where it catalyzes 9-hydroxylation of 2NF. This rat lung 2NF-9-hydroxylation capacity increases in parallel with the age dependent up-regulation of lung P45011B1 expression. Both human and rat lung tissue have the capacity to form 9-hydroxy-2-nitrofluorene (9-OH-2NF) that is mutagenic. A BNF-inducible P4501A1 was detected in endothelial and alveolar type 11 cells. Consequently, aromatic hydroxylation dominated when 2NF was dosed directly into the lung circulation. Pretreatment of rats with BNF before intratracheal B[aIP dosage induced lung cytochrome P4501A1. The 7,8-dihydroxy-9,10-oxybenzo[alpyrenedeoxyguanosine adduct and the total lung DNA adduct levels increased significantly from a peak level of 75 ± 8 to 151 ± 19 fmole / mg DNA in lungs from control and BNF pretreated rats, respectively. 3-Amino-1 ,4-dimethyk5H-pyridol-(4,3)-indole (TRP-P1) is a potent mutagen and carcinogen identified in UAP extracts. Dietary BNF pretreatment of rats altered the [ 14CITRP-P1 distribution as analyzed by whole-body autoradiography. An enhanced retention was observed in the small intestine, forestomach, esophagus, and lung. UAP catalyzes oxygen radical formation and deoxyguanosine-8-hydroxylation, which were inhibited when the UAP samples were extracted with organic solvents or when they were incubated in the presence of desferroxamine. We therefore postulate that a polycyclic aromatic hydrocarbon autooxidation pathway may be responsible for generation of hydrogen peroxide, which may be further converted to hydroxyl radicals through an iron-dependent reaction. -Environ Health Perspect 102(Suppl 4): 147-156 (1994).
Introduction
A complex mixture of carcinogens, enzyme inducers, and metals are present in extracts from urban air particulates (UAP) and several interactions may occur after UAP deposition
The precise mechanism(s) behind this effect essentially is unknown still, but the physicochemical adsorption of carcinogens to PM is known to be important (9) (10) (11) . Carcinogen adsorption to PM has in fact been implicated as an absolute prerequisite for respiratory tract tumorigenesis in animals exposed to chemical carcinogens through inhalation (12, 13) .
Exposure for polycyclic aromatic hydrocarbon (PAH) carcinogens such as benzo [a] pyrene (B[a]P) also has been related to development of cancer in man (14, 15) . It is well recognized that the capacity to metabolize and generate reactive metabolites is essential for initiation of PAH tumorigenicity. Still, conflicting results have been published on how induction of PAH-metabolizing enzymes affects the risk for tumorigenicity in man. Because UAP carry both carcinogens and potent enzyme inducers, the question of induction and carcinogen metabolism is highly relevant for an understanding of UAP-mediated carcinogenicity. In evaluating the effects of carcinogens, it should be taken into consideration, however, that carcinogenesis is a result of several events. The tumorigenesis is believed to start with a G0TZE ETAL. mutation caused by unrepaired lesions, or DNA adducts formed between reactive carcinogen metabolites and DNA. Results indicating a positive correlation between enzyme inducibility or enzyme expression to carcinogen activation and DNA adducts have been published (16) (17) (18) . Some conclusions point toward a positive correlation between exposure levels, metabolic capacity, DNA adducts, and cancer risk; however, contradictory results exist (19, 20) . Other factors such as different capacity to repair DNA lesions also may modulate the carcinogenic effect of carcinogens, which is evident in individuals with limited DNA repair capacity and an increased risk for developing cancer (21, 22) .
In addition to DNA damage caused by PAH metabolites, reactive oxygen species also may mediate particulate associated toxicity (23) (24) (25) . Oxygen radicals have been implicated in DNA adduct formation (26, 27) , in mutagenicity (28) , and in carcinogenesis (29, 30) . It has been shown that tumor-promoting asbestosis and other PM catalyze formation of hydroxyl radicals (OH) and superoxide anions (02) (25) . Auto-oxidation of PAH and quinone generation has been suggested as another mechanism through which such reactive oxygen species may be formed (32) . PAH bound to UAP may thus generate DNAdamaging oxygen radicals in parallel with the metabolic cytochrome P450-dependent PAH activation processes mentioned above. In addition, active oxygen species also may contribute to the second oxidative step, the epoxidation, in PAH-diol-epoxide formation. It is possible that oxygen radicals thereby promote the formation of DNA-bound carcinogens when PAH is metabolized in the presence of an oxygen radical generating system such as urban air particulates or asbestosis fibers. A (Figure 1 ). In the analysis of adduct identity, it was observed that high levels of the carcinogenic 7,8-dihydroxy-9, 1 0-oxybenzo [a] pyrenedeoxyguanosine (7,8-diOH-9,10-oxydGuo) adduct was present in lung DNA from animals dosed UAP with medium and fast B[a]P dissolution rates (Figure 2 (54) . It has, in fact, been demonstrated that the rat lung is significantly more sensitive to P450 induction than other tissues (55) and that DNA damage localizes preferentially to lung tissue even after topical application of carcinogens (56) . We observed that formation of rat lung carcinogen-DNA adducts increased after pretreatment with the TCDD receptor ligand ,-naphthoflavone (BNF). Similar results were observed in isolated perfused and ventilated rat lungs dosed with B[a]P and 2NF. The relationship between P450-enzyme induction and carcinogen-DNA binding was therefore studied further. Interestingly, the lung induction response, measured as cytochrome P4501A1 mRNA levels, did remain elevated for more than 4 days after one intraperitoneal BNF dose. This was significantly different from the induction response in the liver, where the P450IAl mRNA levels peaked and started to decline already between 1 to 2 days after dosage Environmental Health Perspectives (manuscript in preparation). In contrast to the induction of both P4501A1 and P450IA2 in the liver, no P4501A2 mRNA could be detected in the rat lung ( Figure  3) . We believe that a biphasic lung P450IA1 mRNA response reflects P450 enzyme induction in different lung cell categories.
The impact of BNF pretreatment on P450 enzyme induction and on levels of covalendy DNA-bound B[a]P was analyzed in both lung and liver DNA. BNF pretreatment significantly increased the peak level of total lung DNA adducts from 75 ± 8 fmole /mg DNA to 151 ± 19 fmole/ mg DNA (p<0.05, n = 8 -10). The lung DNA adduct peak time also was delayed from 3 days in control rats to 1 week after B[a]P dosage in rats pretreated with BNF ( Figure 4 ). The levels of the total lung DNA adducts remained significantly higher for 8 weeks in BNF pretreated animals compared to the adduct levels in control rats. A slight, although not statistically significant, decrease was detected in liver DNA-B[a]P levels after BNF pretreatment (Figure 4 ). Analogous observations also have been made by others who have stated that flavones appear to have opposing effects in the lung and liver with respect to metabolic activation of B[a]P. In fact, studies on the effects of the flavone BNF on human B [a] P metabolism and epoxidation recently has been published with results supporting our conclusion (53) .
DNA adducts were analyzed by HPLC, as shown in Figure 5 . Figure 5A ,B shows elution of [ C]-labeled DNA adducts used as HPLC standards. When DNA from BNFtreated rats was analyzed, we identified a major lung DNA adduct as the carcinogenic metabolite 7,8-diOH-9,10-oxy-B[a]P bound to deoxyguanosine, 7,8-diOH-9, 1 0-oxydGuo. One other prominent DNA adduct present in lung DNA from control rats was tentatively identified as 9-OH-4,5-oxy-B[a]P-dGuo. The relative proportion between these two DNA adducts differed depending on both BNF pretreatment and on the time interval from the time of B[a]P dosage until sacrifice. In DNA obtained from control rat lungs, the 9-OH-4,5-oxydGuo-DNA adduct dominated 1 week after intratracheal B[a]P dosage ( Figure 5C ). In contrast, 3 weeks later the 9-OH-4,5-oxydGuo adduct and the 7,8-diOH-9,10-oxydGuo adducts were present in approximately equal amounts ( Figure 5D ). The DNA adduct level ( Figure 5E ). Interestingly, 3 weeks later 40% of the adduct level was identified again as 9-OH-4,5-oxy-dGuo ( Figure 5F ). (53) . The relative DNA adduct retention times are slightly different in Figure 5E ,F from the retention times in other panels because of technical reasons. Specific adducts were identified, however, from the retention time of in the isolated perfused and ventilated rat lung. The 2NF concentrations decline significantly faster in the perfusion buffer with lungs obtained from-BNF-pretreated rats as compared to lungs from control animals ( Figure 6A ). When 2NF was administered by intratracheal administration, the most significant change was a decreased area under the 2NF concentration-time curve, proportional to an enhanced production of metabolites ( Figure 6B ) (37) . The effect of BNF pretreatment is not uniformly distributed throughout the lung because the lung cytochrome P450 enzymes are concentrated to specific cell categories (59, 60) . We also observed that rat lung 2NF with different capacity and regiospecificity. Pretreatment of rats with BNF-induced-P450IA1-associated aromatic hydroxylation of 2NF, which appears to be highly specific for the alveolar type II cells (manuscript in preparation).
In contrast to the inducible P4501A1 enzyme, the constitutively expressed rat lung P450IlB1 enzyme is regulated in an age dependent mode in the rat (61) . The lung microsomal 2NF metabolism increased in parallel with the age-dependent up-regulation of lung P45011B1. This increased capacity to form the mutagenic metabolite 9-OH-2NF changed steeply between three to four weeks after birth (61) .
The lung-cell specific effects of BNF pretreatment was studied after isolation of lung cells by elutriation centrifugation. The cell categories studied were alveolar type II cells and Clara cells. The cell fractions that were used for metabolic studies or enzyme or mRNA analyses were analyzed by two-dimensional flow cytometry (2DFC) to characterize the homogeneity of the cells. The 2DFC analysis of two cell fractions are displayed in Figure 7 . Figure  7A shows A high capacity for 9-hydroxylation of 2NF was detected in incubations with Clara cells (Figure 8A ), which was in line with the observation of a Clara cell-specific P450IIB1 expression analyzed by mRNA Northern blot analysis (manuscript in preparation). Alveolar type II cells also possessed a considerable metabolic capacity but with preference for hydroxylation of 2NF on aromatic positions (X-ON-2NF). The total 2NF metabolism rate increased significantly in alveolar type II cells ( Figure  8D ) after pretreatment with BNF. A slight induction of X-hydroxylation also was seen, however, in Clara cell fractions (Figure 8 C) . This inducible X-hydroxylation that was detected in the Clara cell fraction probably is Reactive oxygen species are generated in aqueous solutions of urban air particulates, containing a complex mixture of polynuclear aromatic hydrocarbons and their oxidation products and derivatives together with mineral fibers, metal ions, and especially iron. The ability of different UAP samples to catalyze deoxyguanosine 8-hydroxylation (8-OH-dG) was therefore analyzed by HPLC chromatography, as shown in Figure 9 (51).
The UAP samples differed significantly in terms of catalytical activity ( Table 1 ). The two most potent UAP samples did catalyze 8-OH-dG formation with a capacity comparable to tumor promoting asbestosis. It is not known how reactive oxygen species were formed, if through generation of hydrogen peroxide, H202; superoxide anion, 02.-or hydroxyl radicals, OH. Superoxide anions and hydrogen peroxide have been identified in cigarette smoke and other fumes, however (64, 65) , and may originate from oxidation of aromatic polyphenols (31, 32) , which may originate from autooxidation of PAH. Hydrogen peroxide is of general lung-toxic interest because it also induces squamous metaplasia (66, 67) . Hydrogen peroxide is readily converted to the hydroxyl radical through the iron-catalyzed Fenton reaction:
H202 + Fe -*0OH + OH + Fe Because iron is present together with the UAP samples, these theoretically should be expected to possess the capacity to catalyze hydroxyl radical formation. Inhibition of 8-OH-dG formation after addition of desferroxamine to the UAP incubations supports this hypothesis ( 
